The mass-selected ͓͑CO 2 ͒ 2 ͑H 2 O͒ m ͔ − cluster anions are studied using a combination of photoelectron imaging and photofragment mass spectroscopy at 355 nm. Photoelectron imaging studies are carried out on the mass-selected parent cluster anions in the m =2-6 size range; photofragmentation results are presented for m = 3 -11. While the photoelectron images suggest possible coexistence of the CO 2 − ͑H 2 O͒ m CO 2 and ͑O 2 CCO 2 ͒ − ͑H 2 O͒ m parent cluster structures, particularly for m = 2 and 3, only the CO 2 − based clusters are both required and sufficient to explain all fragmentation pathways for m ജ 3. Three types of anionic photofragments are observed: CO 2 − ͑H 2 O͒ k , O − ͑H 2 O͒ k , and CO 3 − ͑H 2 O͒ k , k ഛ m, with their yields varying depending on the parent cluster size. Of these, only CO 2 − ͑H 2 O͒ k can potentially result from ͑O 2 CCO 2 ͒ − ͑H 2 O͒ m parent structures, although an alternative mechanism, involving the dissociation and recombination of the CO 2 − cluster core, is possible as well. The O − ͑H 2 O͒ k and CO 3 − ͑H 2 O͒ k channels are believed to be triggered by the dissociation of the CO 2 − cluster core. In the CO 3 − ͑H 2 O͒ k channel, seen only in the range of m =3-6, the CO 2 − core dissociation is followed by an intracluster association of nascent O − with the solvent CO 2 . This channel's absence in larger clusters ͑m Ͼ 6͒ is attributed to hindrance from the H 2 O molecules.
I. INTRODUCTION
Many known ionic clusters can be viewed as a charged core embedded in a "microsolution" consisting of a relatively small number of solvent molecules. This arrangement is helpful for studying reactions under well-defined microscopic conditions and understanding the structural motifs responsible for chemical reactivity.
Anionic clusters of carbon dioxide, in particular, have long been known to exhibit interesting structural properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The excess electron in homogeneous ͑CO 2 ͒ n − either localizes on a single CO 2 ͑type-I clusters͒ or forms a covalent bond between two CO 2 monomers ͑type-II clusters͒, while the remaining molecules solvate the respective CO 2 − or ͑O 2 CCO 2 ͒ − core anion. [5] [6] [7] [8] Stepwise solvation normally results in a gradual increase of the cluster vertical detachment energy ͑VDE͒. On the contrary, the welldocumented case of ͑CO 2 ͒ n − is characterized by sharp discontinuities in VDE͑n͒ between n = 6 and 7 and again between n = 13 and 14. 6, 7 These discontinuities are attributed to "core switching" from ͑O 2 CCO 2 ͒ − for n Ͻ 6 to CO 2 − for 6 Ͻ n Ͻ 13. 6 A reverse switch of the core anion structure back to ͑O 2 CCO 2 ͒ − is observed for n Ͼ 13. 7 Johnson and coworkers traced the origin of this phenomenon to the effect of solvent asymmetry. 8 Even though the most stable form of ͑CO 2 ͒ 2 − corresponds to ͑O 2 CCO 2 ͒ − rather than CO 2 − ·CO 2 , an incomplete ͑asymmetric͒ solvation shell in the n =6-13 range causes one of the monomeric constituents of the dimer anion to be preferentially stabilized. [6] [7] [8] 13 The photofragmentation of ͑CO 2 ͒ n − was observed mainly in the n Ͼ 13 range, yielding ͑CO 2 ͒ k − , k Ͻ n, fragment anions. 4 These fragmentation channels are presumably triggered either by the photodissociation of the ͑O 2 CCO 2 ͒ − cluster core to CO 2 − +CO 2 or by photoinduced electron transfer to the solvent shell.
Heterogeneous clusters ͓͑CO 2 ͒ n ͑H 2 O͒ m ͔ − present a more complex scenario, where the distinct molecular constituents, CO 2 and H 2 O, may in principle compete for the excess electron. Photoelectron spectroscopy suggests that the charge remains localized on the carbon dioxide part of the cluster, either in a monomer or dimer configuration, 9, 10, 12, 13 but the core switching follows a different trend, compared to ͑CO 2 ͒ n − , 12 A key feature of ͓͑CO 2 ͒ n ͑H 2 O͒ m ͔ − observed in our group's imaging experiments is the loss of photodetachment anisotropy with increasing hydration. 12 We attributed this observation to autodetachment, but the exact nature of the excited states involved remained unclear.
An alternative route for excited-state dynamics is cluster fragmentation. Hence, the fragmentation studies are as important for understanding the cluster structure, particularly the nature of the excited states. The recent results for CO 2 − ͑H 2 O͒ m contrasted the homogeneous anionic clusters of CO 2 in that one of the dominant pathways involved the dissociation of hydrated CO 2 − to O − +CO. 14 The dissociation process can be understood in connection with the 2 ⌸ u shape resonance seen in dissociative electron attachment to CO 2 near 4.4 eV. [15] [16] [17] [18] [19] [20] [21] According to the proposed mechanism,
The nascent O − formed in the dissociation of hydrated CO 2 − is expected to be highly reactive and clusters are a perfect environment to investigate its reactivity in detail. This premise motivates, in part, our present experiment, where we introduce an additional CO 2 in the hydrated cluster based on a CO 2 − core and observe its exothermic and barrierless reaction with nascent O − . There have been few reports of reactions of nascent photofragments within anionic clusters. 4, 22, 23 The O − +CO 2 → CO 3 − reaction was first observed in electron bombardment of van der Waals clusters of CO 2 .
2,24,25 The CO 3 − peak in the electron attachment spectrum appears at 4.4 eV, 24 indicating that the attachment proceeds via the 2 ⌸ u resonance of CO 2 . Alexander et al. ascribed a similar process to the minor CO 3 − channel in the fragmentation of ͑CO 2 ͒ n − , 6Ͻ n Ͻ 13. 4 Buntine et al. 23 The addition of another CO 2 to CO 2 − ͑H 2 O͒ m raises several questions. First, the nature of the ionic core of the new cluster must be determined. From the previous work, we anticipate the excess electron to reside on the CO 2 domain, 12 but whether the core of the cluster is a monomer or a dimer anion of CO 2 remains to be seen. Assuming the electron is on one CO 2 , the competition of H 2 O and the second ͑neutral͒ CO 2 for the binding sites in the proximity of the charged cluster core must be addressed. And most importantly, the ͓͑CO 2 ͒ 2 ͑H 2 O͒ m ͔ − clusters allow the study of two types of photoinitiated reactions: the dissociation of a solvationstabilized core and the secondary ion-molecule reaction of nascent photofragments with the solvent molecules.
In this work we utilize a combination of photoelectron imaging and photofragment mass spectroscopy to investigate the structure and reactivity of ͓͑CO 2 ͒ 2 ͑H 2 O͒ m ͔ − . The imaging experiments on the m =2-6 clusters expanded on our previous work 12 and shed light on the coexistence of the CO 2 − and ͑O 2 CCO 2 ͒ − based species. The anionic fragmentation pathways observed by tandem time-of-flight mass spectroscopy for m =3-11 illuminate the reactivity of the clusters and provide further insights into the structure of their anionic cores.
II. EXPERIMENT
A schematic diagram of the experimental apparatus used in this work is shown in Fig. 1 . This recently built instrument consists of a pulsed cluster-ion source and a tandem time-offlight ͑TOF͒ mass spectrometer, employing the ion generation and mass analysis techniques pioneered by Lineberger and co-workers, 26, 27 combined with a velocity-mapped 28 imaging 29 assembly for detection of photoelectrons. The ion source, primary TOF, and imaging parts of this apparatus are also similar to our first negative-ion machine described in detail elsewhere. 30, 31 Preparation of the ͓͑CO 2 ͒ n ͑H 2 O͒ m ͔ − clusters involves expansion of undried CO 2 into the ion source chamber ͑base pressure of 2 ϫ 10 −7 Torr͒ through a pulsed supersonic nozzle ͑General Valve Series 99͒ operated at 3.5-4 atm stagnation pressure and a 50 Hz repetition rate. In addition to the CO 2 impurities, water trapped within the gas delivery lines serves as a source of H 2 O. A continuous 1 keV electron beam crosses the free jet a few millimeters downstream from the 800 m diameter valve orifice. The cluster anions are formed by secondary electron attachment to neutral clusters 26 and pulse extracted into a 2.3 m long flight tube of a Wiley-McLaren TOF mass spectrometer 32 by a transverse electric field ͑ϳ1 kV/ 15 cm͒ applied approximately 18 cm downstream from the supersonic valve. The ions pass through a 4 mm diameter orifice in the grounded electrode separating the source chamber from the acceleration stack, where a uniform electric field from ten evenly spaced electrodes accelerates them to about 3 keV.
The accelerated ion beam is steered by two sets of electrostatic deflectors and focused using an Einzel lens. A fast potential switch 33 is used to reference the beam down to the ground potential without affecting its kinetic energy. In the detection region of the instrument ͑base pressure of 5 ϫ 10 −9 Torr͒, the ions are detected at the temporal and spatial foci of the mass spectrometer using an in-line microchannel plate ͑MCP͒ detector ͑Burle, Inc.͒ mounted at the end of the flight tube. The mass-selected ions are interrogated with a pulsed laser beam. The resulting ionic photofragments are analyzed with a single-field reflectron mass spectrometer, where the parent and assorted fragment ions are separated according to their mass. The reflectron assembly is tilted at 2.5°with respect to the primary TOF axis, deflecting the ions by 175°relative to the incoming beam velocity vector. The reflected fragments are detected by an off-axis MCP detector ͑Burle, Inc.͒ mounted at the spatial focus of the reflectron.
The third harmonic of a nanosecond Nd:YAG ͑yttrium aluminum garnet͒ laser ͑Spectra Physics, Inc., model Lab 130-50͒ is used in these experiments, providing 355 nm, 15 mJ pulses at a repetition rate of 50 Hz. The laser beam is brought to a 5 mm diameter spot at the intersection with the ion beam. Photoelectron images are recorded by collecting the electrons in a direction perpendicular to both the ion and the laser beams using a new imaging arrangement, which is similar to the one described previously. 34 The imaging MCP detector ͑Burle, Inc.͒ and the charge-coupled device ͑CCD͒ camera ͑Dalsa, Inc.͒ are operated in an event counting mode. Each image reported here represents 10 000-30 000 experimental cycles. The procedure for obtaining photofragment mass spectra is also described elsewhere. 26, 35 In brief, the ionic fragments are collected by varying the potential on the reflectron to refocus the fragments of interest. The signals are averaged by the digitizing oscilloscope for 512 laser shots and then assembled into a combined mass spectrum representing all open fragmentation channels of the parent ion studied.
III. RESULTS AND ANALYSIS
A typical parent ion mass spectrum observed in this work is shown in Fig. 2 . The most intense peak progression corresponds to the CO 2 − ͑H 2 O͒ m cluster anions, 14 interspersed with less intense ͓͑CO 2 ͒ 2 ͑H 2 O͒ m ͔ − peaks. Detectable but poorly resolved contributions of the ͓͑CO 2 ͒ n ͑H 2 O͒ m ͔ − , n =3 and 4, clusters are also seen. The formation of the n = 2 cluster anions was optimized by adjusting the precursor gas backing pressure. Figure 3 ͑left column͒ shows the photoelectron images of the ͓͑CO 2 ͒ n ͑H 2 O͒ m ͔ − , m =2-6, cluster anions collected at 355 nm. All images shown were recorded under the same velocity-mapping conditions. Similar to CO 2
A. Photoelectron imaging
, photoelectron images are anisotropic for small m, gradually becoming more isotropic as the number of H 2 O's in the cluster increases. Here, we focus mainly on the photoelectron spectra, which are extracted from the images using the basis set expansion Abel-inversion algorithm of Dribinski et al. 36 The spectra are shown in the right column in Fig. 3 . For m =4-6, the spectra contain one broad photoelectron band, while the m =2 spectrum includes two overlapping transitions. The m =3 spectrum exhibits a single maximum; nonetheless, the low electron kinetic energy ͑eKE͒ shoulder is suggestive of a second transition close to eKE= 0.
We chose to characterize the photoelectron spectra in terms of the electron binding energy parameter, eBE max , which corresponds to the eBE value for each observed band's maximum. For accurate determination of the peak positions, the individual photoelectron bands are modeled using the following profiles:
Here, h is the 355 nm photon energy ͑3.49 eV͒, VDE and w are the adjustable parameters corresponding to the vertical detachment energy and the Franck-Condon width of the bands, and A is a normalization factor. The model function in Eq. ͑1͒ reflects the assumptions of the Franck-Condon model, within which the photodetachment cross section is given by = Chv e ͉M q ͉ 2 , where v e is the asymptotic electron velocity, M q is the nuclear transition dipole moment, whose absolute value squared corresponds to the Franck-Condon factor, and C is a combination of fundamental constants. 37, 38 The Gaussian function in Eq. ͑1͒ models the Franck-Condon envelope of the photodetachment transition, while eKE 1/2 corresponds to the photoelectron velocity ͑speed͒.
At the fundamental level, the velocity factor in Eq. ͑1͒ 
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Photofragmentation pathways in ͓͑CO 2 ͒ 2 ͑H 2 O͒ m ͔ − reflects the phase-space scaling of the number of the final free-electron states and also corresponds to the ᐉ = 0 limit of the Wigner law for the photodetachment of negative ions. 39 In the photodetachment processes considered here, we expect contributions from partial waves with different ᐉ values. The importance of the ᐉ Ͼ 0 waves is particularly clear from the anisotropic nature of the photoelectron images in Fig. 3 . Hence, the eKE 1/2 factor in Eq. ͑1͒ is approximate, but it suffices our goals, because the determination of eBE max is not sensitive to the exact functional form of the model spectra, provided they yield a good agreement with the data.
The fits to the experimental spectra using Eq. ͑1͒ are shown in Fig. 3 . For m = 2 and 3, superpositions of two modified Gaussians with independently adjustable A, VDE, and w were used to achieve adequate agreement with the experiment. For m =4-6, one model function sufficed in each case. The values of eBE max are determined at the maximum of each individual model band and the results are plotted as a function of m in Fig. 4 . The eBE max values are generally distinct from the corresponding VDEs: the former indicates the peak positions, while the latter corresponds to the maximum of the Franck-Condon envelope. Although the VDEs are often more relevant, their determination by spectral modeling may be strongly affected by the assumed scaling of the pre-Gaussian factor in Eq. ͑1͒, especially for bands with VDEϾ h. For this reason, we use the peak positions ͑eBE max ͒ as a more robust way to characterize the spectra.
The eBE max values represent the lower bounds for the corresponding VDEs. In the limit of h ӷ VDE, the spectral bands peak near the corresponding VDE and therefore eBE max Ϸ VDE. When VDE nears the photon energy and particularly when h ഛ VDE, the observed spectral maximum lies necessarily below the vertical transition energy, yielding eBE max Ͻ VDE. In Fig. 4 , linear slopes of the eBE max ͑m͒ data are shown in the small m limit, where they reflect the stabilizing effect of hydration. As m increases, the corresponding eBE max values level off, asymptotically approaching the photon energy. The two different 355 nm eBE max values for m = 2 and 3 correspond to two different modified-Gaussian bands used to model the corresponding photoelectron spectra in Fig. 3 . Following the previous studies of carbon dioxide based cluster anions, 6,7,9,11 these bands are assigned to two different core anion structures.
B. Photofragment-ion mass spectra
The 355 nm photofragment mass spectra obtained for the mass-selected ͓͑CO 2 ͒ 2 ͑H 2 O͒ m ͔ − , m = 3 -11, parent ions are shown in Fig. 5 along with the assignment of the fragment-ion peaks. Only a very small CO 3 − signal was observed for the m = 2 cluster, whose photodestruction is dominated by electron detachment. The fragmentation of ͓͑CO 2 ͒ 2 ͑H 2 O͒ 3 ͔ − at 355 nm also occurs in acute competition with photodetachment, as evidenced by the relatively small yield of the anionic photofragments compared to total photodepletion. This is reflected in the poor signal-to-noise ratio of the m = 3 spectrum in Fig. 5 , compared to larger parent clusters. As the parent cluster size increases, the photodetachment becomes less energetically favorable, gradually giving way to the anionic fragmentation. The spectra in Fig. 5 reveal three types of photofragments: ͑i͒ CO 2 − ͑H 2 O͒ k , ͑ii͒ O − ͑H 2 O͒ k , and ͑iii͒ CO 3 − ͑H 2 O͒ k . Analogs of channels ͑i͒ and ͑ii͒, described as the evaporation and core-dissociation channels, respectively, were seen previously in CO 2 − ͑H 2 O͒ m . 14 Channel ͑iii͒ is new compared to CO 2 − ͑H 2 O͒ m and is attributed to a sequential process: the dissociation of the CO 2 − cluster core to O − + CO, followed by the association of nascent O − with neutral CO 2 in the presence of H 2 O. It is intriguing that type ͑iii͒ fragments appear only from the m =3-6 parent clusters. For comparison, only minor signatures of a similar process were seen previously in ͑CO 2 ͒ n − , 6ഛ n ഛ 13.
4,40
The anionic photofragments resulting from the massselected parent clusters are summarized in Table I . The parent-size dependent fragmentation patterns are analyzed in terms of the fractional yields of individual photofragments, calculated by integrating the corresponding peak areas in the fragment mass spectra and normalizing the combined signal for a given parent size to unity. The resulting fractions are given in Table I in italics in parentheses.
IV. DISCUSSION
A. Charge localization in †"CO 2 … 2 "H 2 O… m ‡ − , m =2-11
The previous study of selected ͓͑CO 2 ͒ n ͑H 2 O͒ m ͔ − , n =1-12, m =0-6, cluster anions indicated that the excess electron in these clusters is localized on carbon dioxide. 12 The parent mass spectrum obtained in the present work is consistent with this conclusion. Indeed, the most intense progression in Fig. 2 5, 6 However, the core anion structure in clusters containing at least two CO 2 moieties varies from type I to type II depending on the balance between the stability of the core and solvation energetics. A prime example of such structural variation is the core switching phenomenon in ͑CO 2 ͒ n − . [6] [7] [8] Of the ͓͑CO 2 ͒ 2 ͑H 2 O͒ m ͔ − cluster anions, only the m =2 and 3 clusters were examined previously by photoelectron imaging at 400 nm. 12 The experiments indicated that the m = 2 clusters have a major contribution from the ͑O 2 CCO 2 ͒ − core type, which is followed by a switch to predominantly CO 2 − core structures for m = 3. In the work reported here, the higher-energy 355 nm photons enabled us to image higher binding energy electrons and expand the measurements to larger clusters, containing up to six water molecules. The binding energies corresponding to the observed transition maxima, eBE max , are plotted in Fig. 4 . For m =2 and 3, two different eBE max values are obtained, corresponding to two different photodetachment bands. These are attributed to the type-I ͑solid diamonds͒ and type-II ͑open diamonds͒ parent clusters, described as CO 2 − ͑H 2 O͒ m CO 2 and ͑O 2 CCO 2 ͒ − ͑H 2 O͒ m , respectively. The assignment of the lower-eBE max curve in Fig. 4 3 − based products were previously seen in the photofragmentation of ͑CO 2 ͒ n − cluster anions, in the 6 ഛ n ഛ 13 size range only. 4, 40 Later it was established that it is in this size range that the ͑CO 2 ͒ n − cluster anions have CO 2 − cores ͑with the dimer and monomer core coexistence at n =6,13͒. [6] [7] [8] This parallel between the homogeneous and hydrated cluster results is another confirmation that the CO 3 − based fragments ͑in both cases͒ do indeed originate from parent clusters with CO 2 − cores. Therefore, of all photofragments observed in this work, only the type ͑i͒ CO 2 − ͑H 2 O͒ k photofragments can potentially arise from the type-II ͑O 2 CCO 2 ͒ − ͑H 2 O͒ m parents. On the other hand, all three photofragment types are consistent with the type-I CO 2 − ͑H 2 O͒ m CO 2 clusters. Most notably, none of the photofragments for m = 3 and 4 ͑see Table I͒ can be attributed to the type-II parents and hence the fragmentation of these clusters must be attributed to a type-I CO 2 − core. In summary, the photofragmentation results overall point towards the type-I cluster anion structures described as CO 2 − ͑H 2 O͒ m CO 2 , m ജ 3. This formula reflects the localization of the excess electron on a single CO 2 group, while the second, neutral CO 2 acts as a solvent. From the point of view of the energetics, the water molecules are expected to have priority in occupying the favorable binding sites in the first solvation shell around the core anion, which is reflected by placing the neutral CO 2 after the H 2 O's. The preferential stabilization of the CO 2 − core by solvation of polar molecules was observed previously by Tsukuda et al. 9 Photoelectron imaging, on the other hand, suggests the coexistence of type-I and type-II clusters for m = 2 and 3. However, only the type-I clusters appear active in the photofragmentation, as no CO 2 − based fragments, expected from the type-II clusters, are seen. For m Ͼ 3, the coexistence of the CO 2 − ͑H 2 O͒ m CO 2 and ͑O 2 CCO 2 ͒ − ͑H 2 O͒ m structures remains possible and both may contribute to channel ͑i͒, yielding CO 2 − ͑H 2 O͒ k . However, just the CO 2 − based parent clusters are both required and sufficient to explain all the observed fragmentation pathways.
B. Solvent-evaporation and core-dissociation pathways in
As discussed in Sec. IV A, the type ͑i͒ fragments, CO 2 − ͑H 2 O͒ k , can be formed from either the type-I CO 2 − ͑H 2 O͒ m CO 2 or type-II ͑O 2 CCO 2 ͒ − ͑H 2 O͒ m parent clusters. In the former case, these fragments should be described as solvent-evaporation products. In the latter, they result from the dissociation of the dimer-anion core. The type ͑ii͒ O − ͑H 2 O͒ k fragment ions originate from the type-I clusters described as CO 2 − ͑H 2 O͒ m CO 2 . The dissociation of the CO 2 − core has been proposed 14 to proceed via a solvent-enabled, Renner-Teller mediated mechanism and is followed by the ejection of CO from the cluster and evaporation of the solvent CO 2 . The process may also involve the loss of one or, in rare cases, two H 2 O molecules ͑see Fig. 5͒ 
Here, the fragmentation process is initiated by the dissociation of the CO 2 − cluster core ͓Eq. ͑2a͔͒ via the Renner-Teller mediated mechanism discussed previously 14 and in Sec. IV B. Considering the relatively small parent cluster size ͑m =3-6͒, the CO fragment is likely to be ejected from the cluster before the loss of any solvent molecules can occur. The O − fragment, on the other hand, is bound to the remainder of the cluster by stronger ion-neutral interactions and may trigger a barrierless ion-molecule association reaction with the solvent CO 2 ͓Eq. ͑2b͔͒. The water molecules act as an energy-absorbing bath, stabilizing the CO 3 − product at the expense of evaporation of several H 2 O's ͓Eq. ͑2c͔͒.
The dissociation energy of CO 3 − to O − +CO 2 in the absence of a solvent was recently determined to be 2.79 eV ͑64.34 kcal/ mol͒. 41 This accounts for the bulk of the total energy dissipated by water evaporation in Eq. ͑2c͒. In addition, the kinetic energy of nascent O − arising from the dissociation of CO 2 − should be considered, but is expected to be comparatively small. This is specially true since a significant fraction of the CO 2 − dissociation excess energy is deposited into the CO counterfragment, as indicated by the studies of dissociative electron attachment to CO 2 . 17, 19 Yet another factor affecting the reaction energetics is the effect of hydration, particularly the difference in the hydration energies of the parent, intermediate, and 23 In the present work, we observe no sign of this reaction, which is not surprising considering that the process is endothermic by 0.36 eV. 47 Without accounting for the hydration effects, only an estimated 0. Fig. 5 , in the m =7-11 clusters the second, neutral CO 2 molecule is always lost in the fragmentation process.
To quantify this observation, we define the probability for the core dissociation ͓Eq. ͑2a͔͒ to lead to a successful association reaction of nascent O − with the solvent CO 2 ͓Eqs. ͑2b͒ and ͑2c͔͒ as follows:
Here, I͑CO 3 − ͒ and I͑O − ͒ represent the integrated intensities of all O − ͑H 2 O͒ k and CO 3 − ͑H 2 O͒ k fragments, respectively, observed for a given m. Hence, the denominator accounts for all channels involving the dissociation of the CO 2 − cluster core, while the numerator represents the secondary ionmolecule reaction events. The fraction IM ͑m͒ is plotted in Fig. 6 , indicating that the probability of the nascent O − reaction with CO 2 decreases rapidly with increasing hydration. Previously, Viggiano et al., 42 independently followed by Yang and Castleman, 44 also found a reduction in reactivity with increasing hydration.
This decrease in the secondary ion-molecule reaction probability may be indicative of the neutral CO 2 being physically separated from the CO 2 − cluster core ͑and therefore the nascent O − ͒ by the water molecules. This hypothesis is consistent with the expectation that the water molecules will tend to have priority ͑over CO 2 ͒ in occupying the binding sites in the immediate proximity of the ionic core.
V. SUMMARY
The fragmentation of mass-selected ͓͑CO 2 ͒ 2 ͑H 2 O͒ m ͔ − , m = 3 -11, cluster anions points towards predominantly CO 2 − based parent structures, described as CO 2 − ͑H 2 O͒ m CO 2 . Photoelectron spectroscopy, however, suggests the coexistence of the CO 2 − ͑H 2 O͒ m CO 2 and ͑O 2 CCO 2 ͒ − ͑H 2 O͒ m structures for m =2-3 and some presence of the ͑O 2 CCO 2 ͒ − based clusters cannot be ruled out for larger clusters ͑m Ͼ 3͒ as well. Nonetheless, just the CO 2 − based structures are required and sufficient to explain all the observed photofragmentation pathways. 3 − ͑H 2 O͒ k channel, the dissociation is followed by an intracluster reaction of nascent O − with the solvent CO 2 , yielding a CO 3 − anion, which is stabilized by interactions with the water molecules. This channel is seen only in the parent cluster size range of m =3-6, where its relative yield decreases rapidly with increasing m. This behavior is attributed to a decrease in the probability of the secondary ionmolecule reaction of nascent O − with CO 2 due to hindrance from H 2 O. Some ambiguity remains regarding the mechanism for the CO 2 − ͑H 2 O͒ k channel. The possibilities include the dissociation of the CO 2 − cluster core followed by its recombination, 14 as well as the dissociation of the ͑O 2 CCO 2 ͒ − core to CO 2 − +CO 2 .
